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HIGHLIGHTS 


•  The  effects  of  coatings  and  electrolyte  additives  on  voltage  fade  were  investigated. 

•  Cells  containing  these  materials  were  tested  at  room  temperature. 

•  The  coatings  and  additives  studied  had  little-to-no  effect  on  voltage  fade. 
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The  effects  of  the  coatings  A1203,  LiA10x,  Zr02,  Ti02,  A1P04,  and  LiPON  and  of  the  electrolyte  additives  3- 
hexylthiophene  and  lithium  difluoro  (oxalato)borate  (LiDFOB)  on  the  voltage  fade  phenomenon  in 
0.5Li2Mn03  -0.5LiNio.375Mno.375Coo.2502  cathodes  were  investigated.  Cells  containing  these  materials  or 
additives  were  cycled  according  to  a  standard  protocol  at  room  temperature  between  2.0  and  4.7  V  vs. 
Li+/Li.  As  expected,  the  cells  containing  either  an  additive  or  a  coated  cathode  displayed  less  capacity  loss 
than  cells  containing  an  uncoated  cathode  and  no  additive.  The  voltage  fade  phenomenon  was  quantified 
in  terms  of  changes  in  the  average  cell  voltage  (Wh/Ah).  The  results  indicate  that,  within  experimental 
error,  all  of  the  coatings  and  additives  produced  little-to-no  effect  on  voltage  fade. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Because  of  their  potential  for  high  energy  density,  lithium-ion 
batteries  have  attracted  much  attention  in  applications  as  diverse 
as  transportation  and  the  electric  power  grid.  Layered  materials  in 
the  Li-Mn-rich  portion  of  the  Li-Ni-Mn-Co-0  phase  diagram  are 
the  focus  of  much  development  work  because  they  display  a 
reversible  capacity  density  of  more  than  230  mAh  g-1  [1]  and 
consist  mostly  of  Mn,  a  relatively  inexpensive  metal.  The  Li-Mn- 
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rich,  Li-Ni-Mn-Co  oxides  (LMR-NMC)  are  structurally  integrated 
composites  of  Li2Mn03  and  Li(Ni,Mn,Co)02  [1,2]  and  are  usually 
denoted  as  aLi2Mn03-(l  -  a)Li(Ni,Mn,Co)02. 

When  cells  containing  LMR-NMC  materials  are  cycled,  how¬ 
ever,  their  capacity  declines,  impedance  rises,  and  the  shape  of 
the  voltage  vs.  capacity  curve  changes  [3].  Examples  of  these 
effects  are  given  in  Fig.  la  and  b.  As  shown  in  Fig.  la,  the  capacity 
of  the  cell  decreases  from  -270  to  -264  mAh  g-1  with  cycling, 
and  there  is  a  subtle  decline  of  the  discharge  curve.  This  decline 
is  more  apparent  when  the  voltage  data  in  Fig.  la  are  plotted 
against  normalized  capacity  (Fig.  lb).  A  similar  decline  is  also 
observed  on  charging,  strongly  suggesting  that  changes  to  the 
equilibrium  electrochemical  potential  of  the  active  material 
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cause  the  voltage  fade.  In  the  literature,  the  continuous  change  in 
the  shape  of  the  discharge  (and  charge)  curves  has  been  attrib¬ 
uted  to  the  formation  of  a  spinel-like  phase  [3-7].  As  a  result  of 
the  loss  in  potential,  there  is  a  loss  in  energy,  limiting  the  utility 
of  these  materials  in  energy-demanding  applications,  such  as  in 
electric  vehicles. 

Three  national  laboratories,  Argonne  National  Laboratory,  the 
National  Renewable  Energy  Laboratory  and  Oak  Ridge  National 
Laboratory,  are  collaborating  to  devise  methods  to  arrest  this 
voltage  fade.  The  work,  described  below,  approaches  this  goal  by 
investigating  the  effects  of  using  cathode  coatings  and  electrolyte 
additives.  In  the  literature,  coatings,  surface  modifications,  and 
additives  of  many  descriptions  have  been  used  to  stabilize  the  ca¬ 
pacity  of  cathode  materials  and  enhance  cycling  ability  [2-39], 
enhance  the  rate  capacity  of  cathode  materials 
[10,11,13,17,18,20,21,29,40],  lessen  their  thermal  reactivity  [9,41  — 
44],  lessen  their  reactivity  towards  the  organic  electrolytes  [45], 
and  promote  secondary  electrolyte  interface  layer  formation  on  the 
cathode  [43].  The  effects  of  the  coatings  AI2O3,  LiA10x,  ZrCh,  TKD2, 
AIPO4,  and  lithium  phosphorus  oxynitride  (LiPON)  and  of  the 
electrolyte  additives  3-hexylthiophene  and  LiDFOB  on  voltage  fade 
were  investigated.  It  should  be  noted  that  both  electrolyte  additives 
are  very  effective  in  forming  a  protective  layer  on  the  surface  of  the 
positive  electrode  at  high  potentials  [26,38]. 

2.  Experimental 

All  positive  electrodes  contained  the  same  commercially  avail¬ 
able  LMR-NMC  material,  0.5Li2Mn03-0.5LiNio.375Mno.375Coo.2502 
(Toda  Kogyo,  Japan;  referred  to  as  HE5050),  which  was  used  to 
fabricate  coated  and  uncoated  cathode  laminates. 


coating  was  obtained  using  the  reactions  shown  in  (C)  and  (D) 
below  [49]. 

2  surface-OH  +  Ti(OCH(CH3)2)4  (g)  surface-02- 
Ti(OCH(CH3)2)2  +  2(CH3)2CHOH  (g)  (C) 

surface-02-Ti(0CH(CH3)2)2  +  2H20  (g)  -+  surface-02- 
Ti(OH)2  +  2(CH3)2CHOH  (g)  (D) 

The  ALD  coating  of  Zr02  was  grown  on  the  HE5050  laminate 
at  both  100  °C  and  150  °C  using  tetrakis(dimethylamido)zirco- 
nium  (Zr(NMe2)4,  Sigma— Aldrich)  and  H2O  as  precursors.  The 
coating  was  obtained  using  the  reactions  shown  in  (E)  and  (F) 
below  50]. 

surface-OH  +  Zr(NMe2)4  (g)  -►  surface-0-Zr(NMe2)3  +  HNMe2 
(g)  (E) 

surface-0-Zr(NMe2)3  +  3H20  (g)  -►  surface-O-Zr- 

(OH)3  +  3HNMe2  (g)  (F) 

The  ALD  coating  of  LiAlOx  was  made  by  combining  two 
sequential  subprocesses:  Al-0  followed  by  Li— O,  in  a  ratio  of  1 :1, 
per  deposition  cycle  [51  .  The  Al-0  ALD  subprocess  was  the  same 
as  that  given  in  (A)  and  (B),  above.  The  Li-0  subprocess  used 
lithium  text- butoxide  (LiOC(CH3)3,  Strem  Chemicals)  as  a  pre¬ 
cursor;  the  reactions  used  are  given  in  (G)  below  [52]. 

surface-O— Al— OH  +  LiOC(CH3)3  (g)  -►  surface-O-Al-O- 

Li  +  HOC(CH3)3  (g)  (G) 


2.1.  Laminate  coatings 

Atomic-layer  deposition  (ALD)  coatings  of  AI2O3,  Ti02,  Zr02,  and 
LiA10x  were  applied  to  HE5050  laminate  sheets  (see  below  for  the 
composition  of  the  laminate),  some  of  which  were  made  by  the 
Argonne  Cell  Fabrication  Facility.  These  ALD  coatings  were  depos¬ 
ited  under  nitrogen  and  were  performed  using  6  ALD  cycles  and 
had  a  thickness  below  3  nm,  as  determined  from  previous  studies. 
The  time  at  temperature  (120  °C)  for  6  cycles  averaged  less  than 
30  min.  The  laminates  were  stored  in  an  argon  glovebox  after 
coating.  Cells  were  then  made  and  cycled  in  duplicate. 

2.1.1.  Al203 

Ultrathin  films  of  alumina  were  grown  directly  on  the  lami¬ 
nated  HE5050  electrodes.  The  precursors  for  the  AI2O3  ALD 
coating  were  trimethylaluminium  (97%,  Aldrich)  and  H20  (HPLC 
grade,  Sigma-Aldrich).  The  coatings  were  obtained  using  the 
sequential  and  self-limiting  surface  reactions  shown  in  (A)  and  (B) 
below  [37,46-48]. 

surface-OH  +  A1(CH3)3  surface-0-Al(CH3)2  +  CH4  (A) 

surface-O— Al( CH3 )*  +  H20  surface-O-Al-OH  +  CH4  (B) 

Each  ALD  cycle  consisted  of  these  two  reactions.  The  typical 
growth  rate  for  the  AI2O3  coating  was  ~1.1  A  per  cycle;  however, 
the  growth  may  be  enhanced  for  the  high-surface-area,  torturous 
electrodes  [48]. 


2.1.2.  Ti02,  Zr02,  and  LiAlOx 

The  ALD  coating  of  Ti02  was  grown  on  the  HE5050  laminate  at 
both  100  °C  and  150  °C  using  titanium  tetraisopropoxide 
(Ti(OCH(CH3)2)4,  Sigma-Aldrich)  and  H20  as  precursors.  The 


Fig.  1.  a.  Cell  potential  vs.  capacity  for  a  lithium-ion  cathode  containing  a  typical  LMR- 
NMC  material  in  a  half  cell,  showing  changes  in  voltage  response  with  cycling  at  30  °C. 
The  data  shown  represent  the  voltage  response  for  20  discharge  cycles;  selected  cycles 
have  been  removed  for  the  sake  of  clarity.  The  cell  was  cycled  using  a  ~20  mA  g-1 
current  ( —  C/10  rate),  b.  Cell  potential  data  from  figure  a  normalized  per  cycle. 
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2.2.  Single  particle  coatings 

2.2.1.  AlP04 

The  active  cathode  material  was  mixed  with  aluminum  nitrate 
(A1(N03)2  •  9H20)  in  (NH4)2HP04  solution.  The  aluminum  phosphate 
(AIPO4)  precipitate  was  deposited  on  the  surface  of  the  active 
material.  The  resulting  slurry  was  filtered  and  dried  in  an  oven  at 
100  °C  for  12  h.  The  dried  powder  was  annealed  at  400  °C  for  4  h 
before  electrode  fabrication  [33-36]. 

2.2.2.  UPON 

The  UPON  layer  was  applied  to  the  cathode  powder  by  using  RF- 
magnetron  sputtering.  The  details  are  given  in  Ref.  [11].  The  sput¬ 
tering  times  were  1,  2,  and  3  h.  Electrodes  were  then  cast  from  the 
coated  materials. 

2.3.  Electrolyte  additives 

The  concentration  of  3-hexylthiophene  was  0.1  wt%,  and  that  of 
LiDFOB  (Central  Glass  Co.,  Japan),  2.0  wt%  in  the  carbonate-based 
electrolyte  (see  Cell  construction). 


where  vu  and  vto  are  the  cell  voltages  at  t\  and  t0,  respectively;  itl 
andito  are  the  respective  currents. 

2.7.  Data  reduction 

The  activation  charge  subcycle  and  the  discharge  immediately 
following  it  were  omitted  from  further  analysis  in  this  work.  After 
that  subcycle,  the  energy  (Wh)  and  capacity  (A  h)  values  were 
either  extracted  directly  from  the  cycling  data  or  were  calculated 
from  the  raw  data  using  Microsoft  Excel®.  The  average  voltage  for  a 
given  charge  or  discharge  subcycle  was  calculated  as  Wh/Ah.  The 
resistance  values  at  the  first  three  voltages  were  averaged  and  used 
to  correct  the  average  voltage  value  for  the  average  resistance  of  the 
cell  during  a  given  cycle.  The  relative  change  in  the  iR-corrected 
average  voltage  was  calculated  by  comparing  the  value  from  the 
first  discharge  or  charge  subcycle  to  the  respective  value  at  the 
discharge  or  charge  subcycle,  as  shown  in  Eq.  (2). 


Rel.  change  in  avg.  voltage 


Avg.  voltagefirst  ^  -  Avg.  voltageiast  cyde 
Avg.  voltagefirst  cyde 


(2) 


2.4.  Cell  construction 

A  list  of  cathode  compositions  is  shown  in  Table  1.  For  each  2032 
coin  cell,  cathode  laminates  were  prepared  with  a  specific  active 
mass  loading  of  6—7  mg  cm-2.  Two  laminates  were  made  for  this 
work  at  Argonne.  The  thickness  of  the  first  was  46  pm,  and  the 
calculated  final  porosity  was  36.1%.  The  thickness  of  was  35  pm,  and 
the  calculated  final  porosity  was  37.1%. 

The  anode  consisted  of  lithium  metal.  The  electrolyte  con¬ 
sisted  of  1.2  M  LiPF6  in  EC:EMC  (3:7  by  wt).  Celgard  2325  was 
used  as  the  separator.  Changes  to  this  cell  chemistry  are  noted 
below. 

2.5.  Cell  construction  at  NREL 

AIM  LiPF6  electrolyte  solution  in  1:1  w/w  ethylene  carbo- 
nate:diethyl  carbonate  (Novolyte)  was  used.  A  potentiostat  (VMP3, 
BioLogic  Science  Instruments)  was  used  to  perform  the  electro¬ 
chemical  measurements. 


2.6.  Cell  cycling 

All  cycling  (MACCOR  cycler  except  at  NREL)  was  performed  at 
room  temperature.  All  cells  were  cycled  between  2  V  and  4.7  V  at 
10  mA  g-1  for  the  first  cycle,  and  then  between  2  V  and  4.7  V  (vs. 
Li+/Li)  at  20  mA  g-1  for  the  following  cycles.  The  cells  were  cycled 
between  2  and  4.7  V  for  a  minimum  of  20  and  a  maximum  of  50 
times.  While  cycling,  current  interrupt  measurements  were  carried 
out  at  3.5,  3.9,  4.3,  and  4.7  V  during  charge  and  at  4.0,  3.6,  3.2,  and 
2.0  V  during  discharge.  Estimates  of  cell  resistance  were  calculated 
from  the  values  of  cell  voltage  and  current  at  times  t0  and  G,  as 
shown  in  Fig.  2  using  Eq.  (1). 


These  relative  average  voltage  values  then  were  used  for  plot¬ 
ting  and  subsequent  analyses. 

Since  the  range  of  cycle  count  in  this  experiment  was  large,  the 
relative  change  in  average  voltage  was  calculated  using  the  greatest 
cycle  count  that  was  common  to  all  data  sets.  In  this  work,  it  was  20 
cycles. 


Table  1 

Cathode  compositions  used  in  this  work. 


Designation 

Cathode 

Baseline 

86  wt%  HE5050 

4  wt%  SFG-6  graphite 

2  wt%  SuperP  carbon  black 

8  wt%  PVDF 

A1F3 

92  wt%  active  material 

Ti02  (100  °C) 

4  wt%  C45  conductive  additive 

Ti02  (150  °C) 

Zr02  (100  °C) 

Zr02  (150  °C) 

LiAlO* 

4  wt%  Solvey  5130  binder 

AIPO4 

86  wt%  active  material 

4  wt%  SFG-6  graphite 

2  wt%  SuperP  carbon  black 

8  wt%  PVDF 

5  ALD  cycles  A1203  (120  °C) 

86  wt%  active  material 

100  ALD  cycles  A1203  (120  °C) 

4  wt%  SFG-6  graphite 

2  wt%  SuperP  carbon  black 

8  wt%  PVDF 

UPON  (1  h) 

85  wt%  active  material 

UPON  (2  h) 

7.5  wt%  SuperP  carbon  black 

UPON  (3  h) 

7.5  wt%  PVDF 

LiDFOB  (2.0  wt%) 

92  wt%  active  material 

4  wt%  C45  conductive  additive 

4  wt%  Solvey  5130  binder 

3-Hexylthiophene  (0.1  wt%) 

92  wt%  active  material 

4  wt%  C45  conductive  additive 

4  wt%  Solvey  5130  binder 

512 


I.  Bloom  et  al.  /  Journal  of  Power  Sources  249  (2014)  509-514 


3.70  -i 


3.65 


«  3.60 


3.55 


3.50  -I 


t( 

P 

otenti; 

al 

t ^ 

currer 

it 

\ 

0  75  150  225  300  375  450  525  600  ^75  750 

Time,  sec  tx 


1.20 


0.90 


0.60  g 


0.30 


0.00 


Fig.  2.  Cell  potential  and  relative  current  vs.  time  for  the  interrupt  at  3.6  V  during 
discharge,  showing  the  measurement  points  t0  and  ti,  which  were  used  to  calculate  cell 
resistance.  The  current  is  indicated  by  the  heavy  black  line,  and  the  voltage  response  of 
the  cell,  by  the  gray  curve.  t0  occurred  just  before  the  current  was  turned  off,  and  tl 
occurred  just  before  the  current  was  turned  on.  The  current  interrupt  data  for  the  other 
discharge  voltages  and  for  those  during  the  charge  subcycle  were  treated  analogously. 


3.  Results 

3  A.  General 

Cell  construction  was  found  to  have  little-to-no  effect  on  voltage 
fade.  This  is  discussed  in  Ref.  [53]. 

3.2.  Capacity  fade 

As  expected,  the  cell  discharge  capacity  faded  with  cycling  for 
cells  containing  the  electrolyte  additives  and  the  coated  or  un¬ 
coated  cathode  materials,  as  shown  in  Fig.  3.  The  baseline  showed 
the  greatest  amount  of  capacity  fade,  which  was  due  to  impedance 
rise  and  loss  of  active  sites  in  the  positive  electrode  when  cycled  to 
4.7  V.  Fig.  3  shows  that  the  capacity  fade  rate  of  the  coated  materials 
is  sensitive  to  the  nature  of  the  coating;  some  coated  materials 
display  greater  capacity  loss  rates  than  others.  It  was  interesting  to 


note  that  the  loss  of  capacity  in  cells  containing  an  electrolyte  ad¬ 
ditive  were  different,  with  the  cell  containing  LiDFOB  displaying 
about  25%  of  the  capacity  loss  of  the  cell  containing  3- 
hexylthiophene.  Of  more  importance,  the  data  in  Fig.  3  clearly 
show  that  the  capacity  of  cells  containing  coated  cathode  materials 
or  electrolyte  additives  fades  slower  than  that  of  the  cell  containing 
either  no  additive  or  uncoated  materials.  This  trend  is  consistent 
with  reports  in  the  literature  [8-32,37-39]. 

3.3.  Voltage  fade 

In  these  experiments,  the  cells  containing  either  coated  cath¬ 
odes  or  an  additive  behaved  similarly  as  those  that  were  uncoated 
or  contained  no  additive.  Examples  of  the  aging  behavior  of  cells 
containing  an  uncoated  cathode  and  coated  cathode  are  shown  in 
Figs.  4  and  5,  respectively.  The  first  charge  cycle  is  believed  to 
activate  the  Li2Mn03  portion  of  the  composite  cathode  material,  a 
process  needed  to  achieve  high  capacity  density.  With  continued 
cycling,  the  cathode  material  loses  voltage,  as  indicated  by  the 
changes  in  the  voltage  vs.  normalized  capacity  curves;  this  loss  of 
voltage  behavior  is  consistent  with  that  seen  by  others  [3,6]. 

The  iR-corrected,  average  voltage  value  for  a  given  cycle  was 
calculated  using  the  data  shown  in  Fig.  4.  A  typical  average  voltage 
vs.  cycle  count  plot  is  shown  in  Fig.  6.  The  curves  shown  in  Fig.  6 
closely  follow  the  cell  voltage  behavior  shown  in  Fig.  5  for  both 
charge  and  discharge.  It  should  be  noted  that  the  shape  of  the 
average  voltage  curve  was  not  sensitive  to  the  presence  of  a  coating 
or  its  nature,  or  to  the  presence  of  an  electrolyte  additive. 

The  relative  change  in  average  voltage  for  the  cells  is  given  in 
Table  2.  In  some  cases,  there  was  more  than  one  cell  for  a  given 
coating.  This  is  indicated  by  the  presence  of  a  value  for  standard 
error  (s.e.).  Examining  the  values  for  the  discharge  subcycle  shows 
that,  after  20  cycles,  most  were  within  about  17%  of  the  value  given 
for  the  baseline  material,  and  the  value  for  LiPON  (3  h)  was  almost 
twice  that  given  for  the  baseline.  The  values  given  for  the  relative 
change  in  average  voltage  during  the  charge  subcycle  show  a 
similar  pattern  after  20  cycles.  Most  values  were  within  about  30% 
of  the  value  given  for  the  baseline,  and  that  for  LiPON(3  h)  was 
twice  that  given  for  the  baseline. 
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Fig.  3.  Rel.  cell  capacity  vs.  cycle  count,  showing  capacity  decline  with  cycle  count.  The 
capacity  of  coated  materials  tended  to  decline  slower  than  that  of  uncoated  materials. 
The  relative  cell  capacity  vs.  cycle  count  for  the  2-  and  3-h  LiPON  coatings  behaved 
similarly  to  that  seen  for  the  1-h  coating.  These  data  were  omitted  for  the  sake  of 
clarity. 


Normalized  Capacity 


Fig.  4.  Cell  potential  vs.  normalized  capacity,  representing  the  typical  charge  and 
discharge  voltage  response  of  a  cell  containing  an  uncoated  cathode  in  these  experi¬ 
ments.  Selected  curves  were  removed  for  the  sake  of  clarity.  During  the  first  charge, 
the  LMR-NMC  material  was  activated.  With  continued  cycling,  the  voltage  response 
for  both  the  charge  and  discharge  subcycles  changed.  The  downward  tick  marks  on  the 
charge  curves  and  upward  tick  marks  on  the  discharge  curves  represent  current 
interrupts. 
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Fig.  5.  Cell  potential  vs.  normalized  capacity,  representing  the  typical  charge  and 
discharge  voltage  response  of  a  cell  containing  a  coated  cathode  in  these  experiments. 
Selected  curves  were  removed  for  the  sake  of  clarity.  During  the  first  charge,  the  LMR- 
NMC  material  was  activated.  With  continued  cycling,  the  voltage  response  for  both  the 
charge  and  discharge  subcycles  changed.  The  downward  tick  marks  on  the  charge 
curves  and  upward  tick  marks  on  the  discharge  curves  represent  current  interrupts. 


It  is  interesting  to  note  that  neither  the  thickness  of  the  AI2O3 
layer  nor  the  deposition  temperature  of  the  Ti02  and  Zr02  layers 
had  a  significant  effect  on  the  relative  change  in  the  average 
voltage.  The  voltage  loss  from  cathodes  containing  LiAlO*  was 
approximately  the  same  as  those  containing  Ti02  or  Zr02  layers. 

The  data  in  Table  2  show  that  the  values  given  for  the  1-h  and  2- 
h  UPON  layers  were  outside  the  statistical  range  for  the  discharge 
subcycles  and  within  the  statistical  range  for  the  charge  subcycles. 
The  additional  hour  of  sputtering  time  did  not  markedly  change  the 
voltage  fade  response  characteristic.  However,  at  3  h,  voltage  fade 
increased  by  about  a  factor  of  2  for  both  the  charge  and  discharge 
subcycles,  which  was  due  to  the  increase  in  electronic  resistance  of 
the  UPON  film  surrounding  the  cathode  particles  [13,14]. 

After  20  cycles,  the  values  given  for  the  A1P04  layer  and  the 
electrolyte  additives  are  also  outside  the  statistical  range.  The 
values  for  the  electrolyte  additives  indicate  that  the  average  voltage 
decreased  slightly  less  than  the  baseline.  The  value  for  AIPO4  in¬ 
dicates  that  the  average  voltage  decreased  slightly  more  than  the 
baseline.  After  50  cycles,  the  values  indicate  a  greater  loss. 


Cycle  count 

Fig.  6.  Typical  plot  of  iR-corrected  average  cell  voltage  (Wh/Ah)  vs.  cycle  count  from  a 
baseline  cell,  showing  that,  during  both  charge  and  discharge  subcycles,  the  average 
cell  voltage  decreases  with  cycling.  The  first  cycle  was  omitted  from  this  plot. 


Table  2 

Relative  change  in  average  voltage  in  baseline  cells  and  in  cells  containing  an 
electrolyte  additive  or  a  coated  cathode. 


Coating/additive 

100  x  rel.  change  in 
average  voltage  after 

20  cycles  (100  x  s.e.) 

100  x  rel.  change  in 
average  voltage  after 

50  cycles  (100  x  s.e.) 

Discharge 

Baseline 

3.14(0.10) 

4.81 

3-Hexylthiophene 

2.88 

4.52 

LiDFOB 

3.38 

AI2O3  (5  ALD  cycles) 

3.40 

5.30 

A1203  (100  ALD  cycles) 

3.22 

5.47 

AIPO4 

3.68 

5.48 

LiA10x 

3.32  (0.07) 

Ti02  (100  °C) 

3.14  (0.04) 

Ti02  (150  °C) 

3.20  (0.07) 

Zr02  (100  °C) 

3.17(0.01) 

Zr02  (150  °C) 

3.26  (0.03) 

UPON  (1  h) 

2.69 

UPON  (2  h) 

2.60 

UPON  (3  h) 

5.20 

Charge 

Baseline 

3.97  (0.49) 

4.52 

3-Hexylthiophene 

3.16 

4.20 

LiDFOB 

4.89 

AI2O3  (5  ALD  cycles) 

3.52 

5.15 

AI2O3  (100  ALD  cycles) 

3.14 

4.70 

AIPO4 

3.66 

5.03 

LiA10x 

5.21  (0.05) 

Ti02  (100  °C) 

4.39  (0.01) 

Ti02  (150  °C) 

4.60  (0.01) 

Zr02  (100  °C) 

4.62  (0.02) 

Zr02  (150  °C) 

4.85  (0.03) 

UPON  (1  h) 

3.67 

UPON  (2  h) 

3.75 

UPON  (3  h) 

7.97 

4.  Discussion 

The  central  question  underlying  this  work  concerned  the  origin 
of  voltage  fade.  That  is,  is  the  voltage  fade  phenomenon  controlled 
by  a  reaction  at  the  cathode-electrolyte  interface?  Theoretically,  if 
voltage  fade  were  caused  by  the  loss  of  oxygen  (e.g.,  during  elec¬ 
trochemical  activation  52])  or  the  loss  of  a  soluble  constituent, 
such  as  Mn2+,  changing  the  nature  of  the  exposed  cathode  surface 
should  change  the  rate  at  which  the  reaction  proceeds  by  a  sig¬ 
nificant  amount. 

In  the  literature  [8-32,37-39]  and  in  this  work,  coatings  and 
electrolyte  additives  were  shown  to  be  very  effective  in  controlling 
capacity  loss.  The  rates  of  these  reactions  displayed  significant 
changes  in  the  presence  of  an  interface-modifying  organic  or 
inorganic  material.  However,  the  results  in  the  present  work  indi¬ 
cate  that  using  interface-modifying  materials  or  additives  had 
little-to-no  effect  on  voltage  fade.  Under  the  cycling  conditions 
used  in  these  experiments,  voltage  fade  appears  to  derive  from  an 
intrinsic  property  of  the  LMR-NMC  materials,  such  as  thermody¬ 
namic  instability,  and  proceeds  at  a  rate  of  a  few  millivolts  per  cycle 
[53].  Adjusting  the  cycling  window  was  found  to  be  one  practical 
approach  to  reduce  voltage  fade  [53,54]. 

5.  Conclusions 

The  effects  of  the  coatings  AI2O3,  LiA10x,  Zr02,  TiCh,  A1P04,  and 
UPON  and  of  the  electrolyte  additives  3-hexylthiophene  and  LiD- 
FOB  on  the  voltage  fade  phenomenon  in  O.5U2M- 
nO3  O.5LiNio.375Mno.375Coo.25O2  cathodes  were  investigated.  Cells 
containing  these  materials  were  cycled  according  to  a  standard 
protocol  at  room  temperature.  As  expected,  the  cells  containing 
either  an  additive  or  a  coated  cathode  displayed  less  capacity  loss 
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than  cells  containing  an  uncoated  cathode  and  no  additive.  The 
voltage  fade  phenomenon  was  quantified  in  terms  of  the  change  in 
a  resistance-corrected  average  cell  voltage.  The  results  indicate 
that,  within  experimental  error,  there  was  little-to-no  effect  on 
voltage  fade  from  the  coatings  and  additives,  pointing  to  voltage 
fade  being  tied  to  the  intrinsic  nature  of  the  cathode  material. 
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